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ABSTRACT 
The inf luence of lubr icant  proper t ies  on performance is considered i n  
conzection with various mechanisms of lubr ica t ion .  The e f f e c t s  of tem~era- 
t u r e  and pressure on v iscos i ty ,  which is important i n  hydrodynamic tind 
elastohydrodynamic lub r i ca t ion ,  is presented using a co r r e l a t ion  postulated 
rl by Roelands. Under elastohydrodynemic condit ions it is important t o  
In 
rl dis t inguish  between the  inf luence of l ub r i can t  proper t ies  within the  i n l e t  
7 region and t h e  Hertz region s ince  each per forasd i f fe ren t  func t i sns .  The 
w r o l e  of lubr icant  t r anspor t  p roper t ies  such a s  sur face  tension i s  considered 
i n  connection with lub r i can t  s ta rva t ion .  Since t h e  lub r i ca t i cn  of 
p r a c t i c a l  sur faces  usua l ly  involves boundary as w e l l  a s  hydrodynamic 
mechanisms, both t h e  chemical and p.iysica1 proper t ies  s i g n i f i c a n t l y  
inf luence the  l u b r i c a n t ' s  performance. 
From a broad point  of v i e w  l ub r i can t s  a r e  s e l ec t ed  because they perform 
ce r t a in  functions. Their  performance is in t imate ly  r e l a t ed  t o  t h e i r  
i n t r i n s i c  proper t ies ,  i.e., chemical composition and molecular s t r u c t u r e ,  
but  unfortunately f o r  p r a c t i c a l  reasons these  must be expressed i n  terms 
of ex terna l  measured proper t ies .  Various lub r i can t  proper t ies  and t h e i r  
associated environmental appl ica t ions  a r e  l i s t e d  i n  t a b l e  I. 
Since f r i c t i o n  wastes power, and wear o r  scuf f ing  reduces se rv i ce  l i f e ,  it 
is seemingly c l e a r  t h a t  t he  primary funct ion of a l ub r i can t  is t o  reduce 
f r i c t i o n  and wear. This is  genera l ly  achieved by the  formation of a 
somewhat nebulous f i l m  between t h e  sur faces  i n  motion. This f i lm  nay be 
of a " l iquid" na ture  produced by the  viscous generat ion of pressure between 
the  surfaces,  o r  it may be a "solid" developed through physical  and 
chemical adsorption o r  chemical reac t ions  on t h e  surfaces.  In  addi t ion  
t o  p r ~ v i d i n g  a l ub r i ca t ing  f i l m ,  l i q u i d  lub r i can t s  must perform o the r  
funct ions such a s  cooling, s ea l ing  and t ransmi t t ing  power. 
The performance of a l ub r i can t  is sometimes d i f f i c u l t  t o  a s se s s  s ince  it 
must funct ion i n  many ways and under extreme environments. Physical and 
chemical proper t ies  of t h e  rubbing surfaces and t h e i r  operat ing condit ions 
such a s  r e l a t i v e  ve loc i ty ,  load and temperature a l l  inf luence t h e  environ- 
ment t h a t  t he  lub r i can t  sees.  This environment determines the  mechanisms 
of lubr ica t ion ,  usua l ly  c l a s s i f i e d  a s  hydrodynamic, elastohydrodynamic 
(EM)), mixed and boundary lubr ica t ion .  Individual  e f f o r t s  i n  t r i b o l o g i c a l  
research,  uhich a r e  frequent ly concerned with only one type sf lub r i ca t i cn ,  
have made s i g n i f i c a n t  advances i n  t 3 e  understanding cf t he  l ub r i ca t ion  
mechanisms associated w i t h  each p a r t i c u l a r  c l a s s  of l ab r i ca t ion .  I n  
a c t u a l  l i q u i d  lub r i ca t ion  p rac t i ce  t h t r e  a r e ,  however, bu t  few ins tances  
where the  mechanism of l ub r i ca t ion  f i t e  c leanly i n i u  one c l a s s .  In  
addi t ion ,  the  boundary between each lub r i ca t ion  c l a s s  is sometimes not 
very d i s t i n c t ,  pa r t i cu l a r ly  between those c l a s se s  where lub r i ca t ing  f i lms  
a r e  very t h i n  (i.e., EH13, mixed aad boundary). 
The a b i l i t y  of a  lubr icant  t o  l u b r i c a t e  depends on how it performs within 
t h e  environment it encounters (or c r e a t e s )  between t h e  sur faces  i n  motion. 
This environment may be t h a t  fcund, f o r  example, between the  l o c a l  region 
of contact  between two meshing gear  t e e t h  o r  t h e  region of contact  between 
a  b a l l  and s race  i n  a  b a l l  bearing. Zhe i n t e r a c t i o n s  between t h e  l u b r i -  
cant  and i t s  l o c a l  environment, which may be g r e a t l y  d i f f e r e n t  than t h e  
surroundings, inf luences i ts l u b r i c a t i n g  performance. 
The in t e rac t ions  between the  lub r i can t  and i ts environment a r e  shown 
schematically i n  f i gu re  I .  The performance of a  l ub r i can t  w i l l  depend 
f i r s t l y  on the  degree of i n t e r ac t ion  between it and i ts  environment (e.!3., 
how much t h e  operat ing temperatures change the  v i scos i ty ) .  Secondly, t h e  
performance w i l l  depend on t h e  s t a b i l i t y  of i n t e r ac t ion  between the  l u b r i -  
cant  and i ts environment (e.g., how t h i s  change i n  v i scos i ty  i n  t u r n  w i l l  
change t h e  temperature). Higher temperatures can mean lower v i s c o s i t i e s  
and f i l m  thicknesses,  which through a s p e r i t y  i n t e rac t ion ,  can c r e a t e  y e t  
higher temperatures. Ultimately, t h i s  may lead  t o  sur face  f a i l u r e .  This 
i s  an example of an unstable  i n t e rac t ion  between t h e  lub r i can t  and its 
environment. Unstable i n t e rac t ions  lead  t o  zat t r i t ion and f a i l u r e  of t h e  
bearing sur faces  i n  t h e  form of wear, scuf f ing ,  and f a t igue .  I n  t h e  f i n a l  
ana lys i s  these  a r e  t h e  c h a r a c t e r i s t i c s  by which t h e  performance of a  
l kb r i can t  i s  judged. 
TYPES OF SURFACE ATl'RI!FION OR FAILURE 
The types of s ln face  a t t r i t i o n  o r  f a i l u r e  a s  l i s t e d  i n  f i g u r e  2 a r e  wear, 
scuf f ing  and f a t i g e .  Scuff ing might be considered a severe form of 
wear; and, f a t i gue  mechanisms play a  r o l e  i n  many types of wear. Their  
definitions might not,  therefore ,  be c l e a r  cu t ,  bu t  t hese  a r e  nevertheless  
necessary i n  order  t o  e s t ab l i sh  a  simple co r r e l a t ion  between lub r i can t  
proper t ies  and t h e i r  f a i l u r e  modes. 
Wear 
Wear i s  a somewhat general  process, i.e., t h e  i n t e r a c t i o n s  between 
lub r i can t  proper t ies  and the  environment a r e  reasonably s t ab l e .  The 
mechanism of wear may involve corrosion,  abrasion,  adhesion, and f a t igue ,  
o r  a  combination of these.  
Corrosive wear occurs when the  sur fsees  a c t i v e l y  r eac t  with o ther  environ- 
mental elements producing e i t h e r  s o l i d  and/or gaseous reac t ion  products. 
Since the react ion ~ r o d u c t  contains  mater ial  from the  sur face ,  a t t r i t i o n  
of the  bearing sur faces  proceeds by the  cont inual  formation and mechanical 
removal of t he  retiction product. Oxygen and moisture genera l ly  increase  
cor ros ive  wear. 'Be chemica. p roper t ies  of  t h e  lub r i can t  a r e  therefore  
important i n  connection with corrosive wear. 
Abrasive wear occurs when hard a s p e r i t i e s  a r e  ~ r e s s e d  i n t o  a s o f t e r  o r  
more b r i t t l e  sur face  producing p l a s t i c  flow and ~ m o v a l  of mater ial .  
Chemical reac t ion  with sur face  oxides and f a t i g u e  mechanisms a r e  usual ly 
involved. Both chemical and viscous proper t ies  of l ub r i can t s  a r e  important 
i a  ccnnection with abrasive wear. 
Adhesive wear occurs when clean o r  nascent s o l i d  sur faces  a r e  formed atld 
come i n t o  contact.  Adhesive junctions a r e  very s t rong  and cont inual  
motion frequent ly causes the  mater ia l  t c  f r a c t u r e  a t  weaker subsurface 
loca t jons  i n  one o r  both surfaces.  Thus, sur face  a t t r i t i o n  occurs by 
mater ial  t r a n s f e r  o r  removal. 
Prevention of adhesicn is f requent ly  t h e  most important performance 
requirement of a lubr icant .  The viscous p r o p e r t i s  of a l ub r i can t  which 
determine f i lm  thickness  can he lp  reduce adhesive wear. Should t h e  
viscous proper t ies  f a i l  t o  reduce adhesion, the  chemical make-ap of t he  
lub r i can t  becomes v i t a l l y  important. Its a b i l i t y  t o  form a pro tec t ive  
f i l m  on the  sur face  may mean t h e  d i f fe rence  between occasional a spe r i t y  
adhesion o r  scuf f ing ,  
Scuff ing 
Scuffing may be considered a s  an advanced form of adhesive wear. It is  
d i f f e r e n t  from ordinary wear i n  t h a t  it is  an ove ra l l  f a i l u r e  of t he  sur -  
f a c e  f i lms.  It involves gross  amounts of adhesion, p l a s t i c  flow, and 
mater i s l  t r ans fe r .  Scuffing i s  apparent ly (or  i nc iden ta l ly )  assoc ia ted  
with temperature through t h e  softening o r  desorpt ion of sur face  f i lms  
Li, g. This temperature assoc ia t ion  is  somewhat cont rovers ia l  113 A 
l e s s  cont rovers ia l  r o l e  of temperature is i ts  inf luence on t h e  formation 
of reac t ion  f i lms on t h e  s o l i d  sur faces  t o  prevent scuff ing.  Viscous 
proper t ies  of l ub r i can t s  inf luence scuf f ing  by t h e i r  a b i l i t y  t o  generate 
f i lms s u f f i c i e n t l y  t h i ck  t o  reduce the  amount of  asper i ty-asper i ty  contact .  
On the  o ther  hand, visceuv heat ing cont r ibu tes  t o  t h e  t o t a l  temperature 
the  l o c a l  conjunction experiences. Since it is  r a r e  t h a t  t o t a l  a s p e r i t y  
c o l l i s i o n  can be eliminated, t h e  performance of a l ub r i can t  is in t imate ly  
r e l a t e d  t o  what t he  lubr icant  has t o  o f f e r  on a chemical bas i s .  
Fatigue 
If bearing sur faces  do not f a i l  by excessive wear o r  scuf f ing ,  they may 
eventually f a i l  by fa t igue .  Fatigue is  assoc ia ted  with compressive and 
t e n s i l e  s t r e s s  reversa ls  within areas  subjected t o  repeated e l a s t i c  (or  
p l a s t i c )  deformation. The formation of a wear p a r t i c l e  i n i t i a t e s  from a 
small sur face  o r  subsurface crack. Repeated s t r e s s  causes t h e  crack t o  
propagate o r  grow u n t i l  a piece of metal is  d i s l d g e d ,  leaving a charac- 
t e r i s t i c  p i t .  Fatigue nay occur on a microscopic s c a l e  o r  a macroscopic 
sca le .  The former r e l a t e s  t o  l o c a l  a s p e r i t i e s  and may a l s o  be an a c t i v e  
mechanism i n  wear processes. The l a t t e r  r e l a t e s  t o  the t o t a l  load bear- 
ing regions which r e s u l t  i n  l a r g e r  f a t i gue  p i t s  of a more ser ious  nature.  
Lubricant proper t ies  inf luence fa t igue  mostly by t h e i r  a b i l i t y  t o  form an 
EHD f i l m  of s u f f i c i e n t  thickliess t o  el iminate  t h e  majori ty  of a spe r i t y  
co l l i s ions .  Do chemical proper t ies  inf luence fa t igue?  The answer i n  
most instances is yes. But, t h e  r e a l  quest ion is whether i ts  inf luence is  
helpful  o r  harmful. 
LUBRICATION MECHANISMS 
The ro l e  t h a t  a l ub r i can t  takes  on i n  performing i ts  funct ions va r i e s  
considerably with the  environment it is subjected to .  The p a r t i c u l a r  
environment encountered determines t h e  mechanisms by which lub r i ca t ing  
f i lms a r e  formed. An understanding of t hese  mechanisms is perhaps more 
important than a knowledge of t h e  ava i l ab l e  l ub r i can t s  a ~ d  t h e i r  proper- 
t i e s .  
Hydrodynamic Lubricatian 
The explanation of t h e  mechanism of hydrodynamic pressure generation 
might seem somewhat elementary. But, i t s  imgortance is frequent ly g rea t e r  
than one r e a l i z e s  and i ts  misunderstanding, e spec i a l ly  i n  t h e  EHD range, 
may be even more frequent.  
The development of  hydrodynamic pressure is shown schematically i n  f igure  
3. A q u a l i t a t i v e  and s impl i f ied  descr ip t ion  i s  a s  follows. F lu id  molecules 
adjacent  t o  t h e  s o l i d  sur faces  a r e  assumed t o  adhere o r  wet t he  surface. 
Thus, t he  f l u i d  immediately adjacent  t o  t he  lower sur face  moves with it 
a t  a veloci ty ,  u. The ve loc i ty  of the  f l u i d  adjacent  t o  the  upper sur face  
i s  zero s ince  it i s  s ta t ionary .  Consider now the  ve loc i ty  d i s t r i b u t i o n  
between the  two surfaces.  A t  a given loca t ion  the  ve loc i ty  d i s t r i b u t i o n  
should be l i n e a r  provided it i s  not influenced by flow condit ions upstream 
o r  downstream of t h a t  loca t ion .  This i s  shown by the  dashed l i n e s  a t  
t h e  leading and t r a i l i n g  edges of t h e  upper surface.  Since the  sur faces  
a r e  not p a r a l l e l ,  it would appear t h a t  t h e  volume of flow (area inscr ibed 
by dashed l i n e s )  coming i n  is  g r e a t e r  than t h a t  going out.  To e s t a b l i s h  
cont inui ty,  the  f l u i d  flow coming i n  must be decreased and the  f l u i d  flow 
going out must be increased. This i s  achieved by t h e  c rea t ion  of a pres-  
su re  a s  shown i n  f i gu re  3, which r e s i s t s  t h e  flow coming i n  end helps t he  
flow going out.  The amount of pressure needed o r  generated depends on 
the  r e s i s t ance  of  the  f l u i d  (v iscos i ty) .  
The k,ydrodynamic load capaci ty i s  equivalent  t o  t h e  pressure generated 
which, besides v iscos i ty ,  i s  int imately assoc ia ted  with o ther  operat ing 
conditions such a s  r e l a t i v e  sur face  ve loc i ty  and geometry. The r e i a t i o n -  
sh ip  of these var iab les  is described by Reynolds equation which is shown 
i n  f i gu re  3, It describes  t h e  bas ic  c h a r a c t e r i s t i c s  of hydrodynamic 
pressure generation which are:  r e l a t i v e  mction, r; converging geometry, 
(h-ho)h3 (or  a smaller  sur face  separat ion somewhere downstream), and an 
interposing f l u i d  with v iscos i ty ,  po. 
Viscosi ty  i s  the  most important f l u i d  property i n  Reyflolds equation 
(densi ty  is much l e s s  s i g n i f i c a n t ) .  I n  1916 Martin L 3 2  solved the  
Reynolds equation i n  an attempt t o  explain t h e  absence of wear i n  gear  
t e e t h  by the  presence of a hydrodynamic o i l  f i lm.  Assuming r i g i d  cy l inders  
and an isoviscous f l u i d ,  he obtained the  following f i l m  thickness  equation: 
where ho i s  the  f i lm  thickness  on t h e  l i n e  of centers ,  R is  the  equivalent  
rad ius  of curvature,  W is t h e  load, u is one-half t he  sum of t he  su r -  
face  speeds, and p is  the  v iscos t ty  a t  atmospheric pressure.  Thus, 
from the  so lu t ion  of Reynolds equation we s e e  t h a t  f i l m  thickness is  
~ r o p o r t i o n a l  t o  v i scos i ty  under r i g i d  cy l inders  and isoviscous conditions.  
Viscosi ty  versus S t ruc ture  
Mineral o i l s  a r e  made up of mostly pa ra f f in i c ,  naphthenic, and aromatic 
hydrocarbon groups a s  shown i n  f i gu re  4. Those groups a r e  l inked together  
t o  form a mixture of complex molecules. Synthet ic  f l u i d s ,  on t h e  o ther  
hand, a r e  much more uniform o r  orderly i n  r e l a t i o n  t o  t h e i r  molecular 
s t ruc tu re .  Their proper t ies  a r e  therefore.more e a s i l y  cor re la ted  with 
t h e i r  molecular s t ruc tu re .  While molecular s t r u c t u r e  may be somewhat 
complex and varied within a given f l u i d ,  c e r t a i n  r e l a t i o n s  do e x i s t  between 
s t r u c t u r e  and v iscos i ty .  Within a givec c l a s s  of f l u i d s  v i scos i ty  increases  
with molecular weight. S t r a igh t  chain, f l e x i b l e  molecules l i k e  pa ra f f in  
a r e  l e s s  s e n s i t i v e  t o  temperature and pressure than bulky, branched and 
r i g i d  molecules l i k e  naphthenes. 
Influence of Temperature on Viscosi ty  
Unlike o the r  mater ial  p roper t ies  which change s l i g h t l y  with temperature, 
v i scos i ty  i s  somewhat unique i n  t h a t  it can change severa l  orders  of 
magnitude with temperature. This s e n s i t i v e  t i e  between temperature and 
v i scos i ty  inf luences performance by way of f i l m  thickness  (he= b) and 
viscous f r i c t i o n .  Figure 5 i l l u s t r a t e s  Newton's law of v i scos i ty  which 
i s  a measure of t h e  f l u i d ' s  res fs tance  t o  flow; o r  from a molecular po in t  
of view, a measure of t h e  i n t e r n a l  f r i c t i o n  forces  between i t s  moving 
molecules. h e  magnitude of t h i s  r e s i s t ance  (v i scos i ty )  is  governed by 
the  forces  between and t h e  f l e x i b i l i t y  of i ts molecules. Since temperature 
i s  a measure of molecular motion, its inf luence on v i s c c s i t y  is  thus very 
s i g n i f i c a n t .  The temperature range seen by t h e  lub r i can t  i n  a hydrodynamic 
environment is usual ly very la rge ,  thus making the  predict ion of the  
va r i a t i ons  of v i scos i ty  with temperature important. 
Becadse of the complex molecular structure of lubricsting fluids, the 
approach to viscosity-temperature correlations has been mostly empirical. 
The standard viscosity-temperature relation is the Walther equation from 
which the ASTM viscosity-temperature chart (D-341) was formed 
log log (go + 0.6)  = m log T + c 
where p s  = kinematic viscosity 
T = absolute temperature 
m = viscosity-temperature slope 
C = constant, characteristic of fluid 
Many lubricating fluids like mineral oils, esters, pure hydrocarbons and 
silicones give reasonably straight lines on the ASTM chart. Some lubri- 
cants, however, do not have constant slopes, particularly at extreme 
temperature ends. 
Possibly a-better viscosity-temperature relation is that presented by 
Roelands 1 4 1 .  His equation is shown in figure 6. The Roelands corre- 
lation is a?pealing because liquids of the same chemical type give the 
same viscosity-temperature slope (s) as seen in figure 6. This can 
therefore be used as a "VI" system for classifying lubricants. 
- 
Viscosity-Temperature Improvement 
Performance generally would be improved or at least more predictable 
if the sensitivity between viscosity and temperature were not so great. 
Lower viscosity-temperature slopes have been achieved with mineral oil 
by solvent refining, selective blending of paraffinic fluids, and by the 
addition of relatively small amounts of high molecular weight polymeric 
additives like polyisobutylene and polymethacrylate esters. 
The mechanism of polymer thickening is illustrated in figure 7. It is a 
function of the solvent ability of the base oil. At low temperatures the 
base oil is a poor solvent. The internal attractive forces and the inter- 
molecular forces cause the long chain polymers to curl into a tightly 
rolled up mass of small size. In this configuration it offers relatively 
little hinderance to the molecular movement of the base oil. At higher 
temperatures, however, the solvent ability of the base oil improves. 
The lower intra- and intermolecular forces uncurl and extend the long 
chain polymers into a configuration which offers much greater hinderance 
to molecular movement. The greatest viscosity-temperature improvement 
is achieved when the polymers are completely uncurled or extended at the 
highest environmental temperature and completely curled or near its 
precipitation point at the lowest environmental temperature. 
When polymer thickened oils are subjected to high shear rates, the long 
chain polymers tend to orientate in the direction of flow ,-awing a 
reduction in viscosity (temporary viscosity loss), This viscosity loss 
or non-Newtonian behavior influences performance through the reduction of 
film thickness and viscous friction. In addition, high shear rates or 
cav i t a t i on  may cause the  long chains t o  mechanically o r  chemically break 
down i n t o  smaller molecules. This v i scos i ty  l o s s  is of a permanent nature 
which degrades the  viscous performance of t h e  lubr icant  with time. It, 
therefore ,  cont r ibu tes  t o  t he  i n s t a b i l i t y  of the  in t e rac t ions  between t h e  
l ub r i can t  and i t s  environment. 
Elastohydrodynamic Lubrication 
The in t e rac t ions  betweell Lhe lub r i can t  and i t s  environment under EHD 
condit ions a r e  somewhat more severe than t h e  hydrodynamic case. The 
mechanism of pressure generat ion is e s s e n t i a l l y  t h e  same a s  i n  t h e  hydro- 
dynamic case, except f o r  t he  modifications introduced by t h e  increase  
i n  v i scos i ty  with pressure and/or t h e  e l a s t i c  deformation of t h e  bearing 
surfaces.  
MI) Regions and R e s s u r e s  
A c h a r a c t e r i s t i c  f ea tu re  of EHD l ub r i ca t ion  is the  near Hertzian pressure 
d i s t r i b u A i o n  and e l a s t i c  deformation. This allows the  EHD problem t o  
be divided up i n t o  th ree  general  regions a s  shown i n  f i g u r e  8. 
The i n l e t  region is  a converging sec t ion ,  d e f i n i t e l y  favorable  t o  t he  
generation of hydrodynamic pressure a s  described above. The r e l a t i v e  
importance of t h e  geometry i n  t h i s  region t o  the  generat ion of pressure 
is  described by the  term (h-ho)/h3 i n  Reynolds equation. This i s  shown 
by t h e  dashed curve i n  f i g u r e  8. It reaches a maximum when t h e  f i l m  
thickness  i n  t he  i n l e t  region i s  approximately (3/2)h0; and it f a l l s  t o  
nearly zero i n  both t h e  upstream and downstream d i r ec t ions  when the  i n l e t  
f i l m  thickness  is approximately 9ho and ho, respect ively.  Since the  
geometry term is d i r e c t l y  r e l a t ed  t o  pressure generation a s  ci~-;~.~.--hsd i n  
Reynolds equation (see f i g .  8), it must, therefore,  follow t h a t  t he  ma;-rity 
of hydrodynamic pressure is generated i n  t h e  i n l e t  region. 
The Hertz region is dominated by the  Hertzian pressure.  That is,  t h e  
pressure t h a t  would e x i s t  i f  t h e  sur faces  were not separated by a l u b r i -  
cant  f i l m .  The a c t u a l  pressure d i f f e r s  from t h i s  Hertzian pressure only 
a t  t he  leading and t r a i l i n g  edges of t he  Hertz region. A t  t he  leading 
edge it must blend i n  with t h e  hydrodynamic pressure of t h e  i n l e t  region. 
A t  t h e  t r a i l i n g  edge it must blend i n  with a s e c ~ n d a r y  hydrodynamic pressure.  
This secondary pressure is  necessary t o  e s t ab l i sh  cont inui ty  of flow. That 
is, t h e  very l a rge  e x i t  flow produced by the  rap id ly  f a l l i n g  Hertzian 
pressure must be r e s i s t e d .  This is accomplished by the  secondary pressure 
peak i n  conjunction with t h e  l o c a l  e x i t  cons t r i c t i on  i n  t he  f i l m  p r 3 f i l e .  
The e x i t  region exposes t he  f l u i d  t o  a rap id ly  diverging geometry,, d e f i n i t e l y  
favorable  t o  t h e  generation of negative hydrodynamic pressure.  Since most 
f l u i d s  degas o r  c a v i t a t e  under r e l a t i v e l y  low t e n s i l e  s t r e s s e s ,  t h i s  
negative hydrodynamic pressure is  almost immediately terminated. 
Lubricants Within the  EHD Regions 
Lubricant proper t ies  a f f e c t  performance under EHD conditions mainly 
through t h e i r  inf luence on the  i n l e t  and Hertz regions. The i n l e t  
region i s  of p a r t i c u l a r  s ign i f icance .  The a c t u a l  pressure reached i n  
t h i s  region may be r e l a t i v e l y  low; but  without t h i s  hydrodynamic pressure,  
no f i l m  can be es tab l i shed  f u r t h e r  downstream. This w i l l  become evident 
below i n  t h e  discussion of s t a rva t ion .  Since f i l m  thickness is primarily 
es tab l i shed  i n  the  i n l e t  region, it must therefore  follow t h a t  performance 
w i l l  be an important funct ion of t h e  in t e rac t ions  between the  lub r i can t  
and t h e  environment within the  i n l e t  region. The most important i n t e r ac t ion  
is  t h a t  between pressure and v iscos i ty .  F lu id  molecules see  pressures  
which rap id ly  r i s e  from ambient t o  s eve ra l  thousand ps i .  This increases  
t h e i r  flow re s i s t ance  t o  nearly one order of magnitude i n  terms of 
v i scos i ty .  
The s ~ l u t i o n  of t he  EHD problem has resu l ted  i n  f i lm  thickness  equations 
which a r e  becoming widelx used i n  prac t ice .  One such equation f o r  l i n e  
contact  from reference is: 
where h, = minimum f i l m  thickness  
R = equivalent  radius of curvature 
Po = atmospheric v i scos i ty  
a = pressure v i scos i ty  coe f f i c i en t  
u = one ha l f  t he  sum of t he  sur face  v e l o c i t i e s  
E' = equivalent  e l a s t i c  modulus 
w = load per  u n i t  width 
I n  cont ras t  t o  t he  hydrodynamic problem where f i lm  thickness  i s  d i r e c t l y  
proport ional  t o  v i scos i ty ,  we see  here  t h a t  under MD condit ions the  f i l m  
thickness  i s  proport ional  t o  t he  f l u i d  proper t ies  of v i scos i ty  and pressure- 
v i scos i ty  r a i s ed  t o  t h e  powers of 0.7 and 0.54, respect ively.  The above 
equation ind ica t e s  t h a t  f i lm  thickness  is not  very s e n s i t i v e  t o  load. 
Recent experimental work 16, f, however, has shown t h a t  f i lm thickness  i s  
much more s e n s i t i v e  t o  load under highly loaded conditions.  It i s  possible  
t h a t  t h i s  may be explained by some f l u i d  rheological  behavior which has 
not been included i n  the  theory. 
There may be o the r  f a c t o r s  t h a t  can cause t h e  f i l m  thickness  t o  be lower 
than t h a t  predicted from equation (3) .  The f l u i d  molecules s e e  a g rea t  
dea l  of shear  within t h e  i n l e t  region due t o  t h e  converging geometry. 
The flow spectrum i s  i l l u s t r a t e d  i n  f i gu re  9 f o r  pure ro l l i ng .  It can 
be shown t h a t  t h e  maximum shear  stress occurs a t  a l oca t ion  within the  
i n l e t  region where t h e  f i lm  thickness  i s  approximately 2h0. This i s  c lose  
t o  the  h e a r t  of t he  f i l m  generating region. Thus, any non-Newtonian f l u i d  
behavior w i l l  s u re ly  inf luence f i l m  thickness.  F ina l ly ,  t h e  f l u i d  molecules 
can be a f f ec t ed  by t h e  generat ion of hea t  within t h e  i n l e t  region L81. 
This can occur under very high speed conditions where viscous heating 
becomes s ign i f i can t  i n  t h e  port ions of t h e  i n l e t  region where backflow 
and swir l ing  occur ( f i g .  9) .  
The in t e rac t ions  between the  lub r i can t  and i t s  environment i n  t h e  i n l e t  
region influences i ts  a b i l i t y  t o  pump t h e  lub r i can t  f i l m  up. The i n t e r -  
ac t ions  i n  the Hertz region, however, inf luences t h e  way it r ides  t h i s  
lubr icant  fi lm. Once an i n i t i a l  f i lm  has been achieved i n  t h e  i n l e t  
region, it is very d i f f i c ~ l t  f o r  it t o  escape while passing through t h e  
Hertz region. This i s  t he  r e s u l t  of two major condit ions.  The f i r s t  i s  
t h e  very high pressures  and v i s c o s i t i e s  which can g ive  t h e  f l u i d  t h e  
consistency of b u t t e r  o r  cheese. The second is the  very l a r g e  f i l m  ex ten t  
compared t o  its thickness ,  i . e . ,  t he  width of t h e  f i lm  may be two o r  'hree 
orders  of magnitude g rea t e r  than i ts  thickness .  These two condit ions 
provide an enormous r e s i s t ance  t o  f l u i d  flow, p a r t i c u l a r l y  i n  t h e  c e n t r a l  
port ion of the Hertz region where the  pressures  a r e  high and pressure 
gradien ts  a r e  low. The very l a r g e  flow re s i s t ance  t h a t  e x i s t s  within t h e  
Hertz region i s  i l l u s t r a t e d  i n  f i g u r e  10 which is  a photomicrograph of an 
o i l  f i lm  which has been trapped between a  s t e e l  b a l l  loaded s t a t i c a l l y  
aga ins t  a  g l a s s  subs t r a t e .  The o i l  f i lm  was i n i t i a l l y  formed under r o l l i n g  
conditions.  When the  r o l l i n g  motion was terminated, p a r t  of t h e  o i l  f i l m  
remained. The thickness  of t h e  o i l  f i lm  is  i l l u s t r a t e d  by the  in te r fe rence  
f r inges  which were obtained using green l i g h t .  The sur faces  a r e  i n  con- 
t a c t  (or  very nearly s o )  only along the  edge of t he  Hertz region. The 
sur faces  within t h e  c e n t r a l  port ion of t h e  Hertz region a r e  separated by 
an unsymmetrical f i lm  of a  few micro inches th i ck  which remained f o r  a  
considerable period of time. This i s  an ind ica t ion  t h a t  t h e  f l u i d  under 
t hese  conditions has a  so l id - l i ke  consistency. 
The enormous r e s i s t ance  t o  flow i n  the  Hertz regian is  t h e  major cause of 
f r i c t i o n  o r  t r ac t ion .  In  addi t ion t o  t h e  e f f e c t s  of pressure on v i scos i ty ,  
temperature e f f e c t s  a r e  s i g n i f i c a n t  i n  t r a c t i o n  a t  a l l  bu t  t he  lowest s l i p  
speeds. A t  high pressures  and temperatures the  co r r e l a t ion  between t r a c -  
t i o n  and t h e  Newtonian s t r e s s - s t r a i n  r e l a t i o n  breaks down L v .  Fluid  flow 
c h a r a c t e r i s t i c s  under t > e s e  severe s t r e s s  conditions a r e  l a rge ly  unknown. 
Inf luence of Pressure on Viscosi ty  
The in t e rac t ion  between pressure and f l u i d  v i scos i ty  i s  important t o  t h e  
success of an MD lub r i ca t ing  f i l m .  Measurements of v i scos i ty  under high 
pressures  a r e  d i f f i c u l t  t o  make, and the  co r r e l a t ion  of the  r e s u l t s  
In  a simple form f o r  t h e  many d i f f e r e n t  types of f l u i d s  has not  been 
e n t i r e l y  s a t i s f ac to ry .  
The var ia t ion  of v i scos i ty  with pressure i s  u s u a l l x  described by an 
exponential  r e l a t i o n  proposed by Barus (see r e f .  L l q )  who ueed it t o  
c o r r e l a t e  h i s  r e s u l t s  on marine glue. The r e l a t i o n  is 
where p = viscosity at pressure p 
Po = viscosity at atmospheric pressure 
a = pressure-viscosity coefficient 
An example of this type of correlation is shown in figure 11 where pressure 
is plotted against log viscosity. A straight line with constant slope for 
all temperatures indicates a good correlation with the exponential relation. 
Naphthenic oils tend to follow this relation better than paraffinic oils, 
but bath show decreasing slopes with temperature. Synthetic fluids as 
shown in figure 12 do not follow the exponential relation much better. 
Although the pressure-viscosity qoefficient (a) may vary with both tempera- 
ture and pressure for a given fluid, it nevertheless-is somewhat successfdlly 
incorporated into the M3 film thickness equations bg. Its success is 
partially due to the fact that pressure-viscosity coefficients do not vary 
more than threefold amonq most fluids. Alto, choosing a pressure-viscasity 
coefficient somewhat judiciously for the controlling pressure and tempera- 
ture range involved is important. The inlet region, for example, usually 
sees pressures ranging from ambient to not more than twenty or thirty 
thousand psi and temperatures close to that of their surfaces. Several 
ways of calculating a pressure-viscosity coefficient from pressure-viscosity 
data are shown schematically in figure 13. These involve the use of 
slopes end tangents to the pressure viscosity curve at particular pressures 
or pressure ranges as shown in figure 13(a). Flgure 13(b) illustrates an 
integral method due to Blok, see reference LrJ 
A better correlation between pressure and viscosity is that of Roelands Lrl. 
His correlation is particularly useful for comparing pressure-viscosity 
cha-:acteristics of fluids. 
 he Roelands equation is presented in fi@re 14. 
Also, the pressure-viscosity coefficient (z) as a function of temperature 
for several fluids is plotted in that same figure. All fluids except the 
synthetic hydrocarbon show very little variation with temperature. This 
particular synthetic hydrocarbon has very high traction capabilities; 
therefore, unique pressure-viscosity characteristics are not surprising. 
!be advantage of the Roelands pressure-viscosity coefficient (z) over the 
exponential pressure-viscosity coefficient ( a) is that it remains sensibly 
constant with temperature. It cannot, however, be used directly in the 
film thickness equation. It is possible, however, to calculate the a 
value used in the film thickness equation from the Z value and atmospheric 
viscosity ( ~l o) at a particular temperature L6_7. This is particularly 
useful since it provides a good estimtion of the a value as a function 
of temperature from pressure-viscosity data of only one isotherm. 
Lubricant Transport Propert ies  and Starva t ion  
It frequent ly happens (o r  is required)  t h a t  t he  i n l e t  region i s  not com- 
p l e t e ly  flooded with L u b r i c a ~ t .  The lub r i can t  d i s t r i b u t i o n  around the  
contact region might look l i k e  t h a t  shown i n  f i g u r e  15. A s  t h e  d is tance  
S, measured from t h e  edge of the  Hertz region t o  t he  i n l e t  l ub r i can t  
boundary approaches zero, a l e s s e r  amount of i n l e t  pressure is  allowed 
t o  bui ld  up. The primary r e s u l t  is  a  reduction i n  f i lm thickness .  This 
is  shown i n  f i gu re  16 where f i lm  thickness and s t a rva t ion  S a r e  p lo t ted  
i n  dimensionless parameters. Ic addi t ion,  the  f i lm  shape and, therefore ,  
t he  pressure d i s t r i b u t i o n  approach the  Hertzian condit ion f o r  dry contact .  
This i s  shown by the  in t e r f e rence  f r inges  i n  t he  photomicrographs of 
f i gu re  17. I n  f i gu re  17 (a )  t he  boundary d is tance  is  s u f f i c i e n t l y  removed 
from the  edge of t he  Hertz region t o  obtain a  flooded condition. Figure 
1.7(b-f) show a diminishing f i l m  thickness  a s  t h e  i n l e t  l ub r i can t  boundary 
progressively approaches the edge of the  Hertz region. As s t a rva t ion  
progresses t he  'BID shape approaches the  Hertz shape. The EHD pressure 
must t he re fo re  approach the  Hertz pressare.  I n  t h e  l i m i t ;  i . e . ,  when the  
f i l m  thickness i s  zero, the Hertz shape and pressure a r e  a t t a ined .  
The inf luence of speed (u), v i s cos i ty  ( po; and pressure-viscosi ty  
coe f f i c i en t  ( a  ) on f i l m  th3.ckaess under s t a rva t ion  conditions is sho-m 
i n  f igu re  18. When the  i n l e t  lubr icant  boundary i s  f a r  removed from the  
Hertz region ( la rge  s/R), t h e  f i l m  thickness  increases  with speed, v i s -  
cos i ty  and pressure-viscosi ty  coe f f i c i en t  along the  curve marked "flooded". 
On log-log paper t h i s  would be a  s t r a i g h t  l i n e  with a  s lope  of about 3.7. 
A s  s t a rva t ion  becomes more severe,  t he  f i lm  thickness  becomes l e s s  s e n s i t i v e  
t o  t he  sur face  speed a s  w e l l  a s  t he  hydrodynamic f l u i d  proper t ies  of 
v i scos i ty  arid pressure-viscosi ty  a s  we usua l ly  th ink  of them. P rac t i ca l ly ,  
it frequent ly happens t h a t  S decreases with speed. This can lead t o  a  
degenerating s i t u a t i o n  where f i lm  thickness  decreases,  r a t h e r  than increases ,  
with speed. Film thickness then becomes more s e n s i t i v e  t o  t he  var iab les  
a f f ec t ing  t h e  lubr icant  t r anspor t  p roper t ies  and how they inf luence t h e  
amount of flooding i n  t he  i n l e t  region. 
The t h e o r e t i c a l  r e s u l t s  of f i g u r e  18 a r e  i n  l i n e  with recent  performance 
da ta  on a  gyzoscope bearing which was known t o  be operat ing under s ta rved  
conditions bg. Here it was found t h a t  increasing speed had much l e s s  
inf luence on f i lm  thickness than EHD theory would predic t .  Viscosity 
appeared t o  be the  most important s i n g l e  var iable .  It is a l s o  an important 
var iab le  i n  connectf.on with lub r i can t  t ranspor t .  I n  addi t ion  t o  v iscos i ty ,  
surface tension i s  a w t h e r  important l ub r i can t  t r anspor t  property. 
The r o l e  of sur face  tension can be i l l u s t r a t e d  by cocsidering two lubr ica ted  
surfaces (e.g., a  b a l l  loaded on a  f l a t ) .  i n  s t a t i c  contact  a s  shown i n  
f i gu re  19. Figure l g ( a )  shows t h e  shape of t h e  lub r i can t - a i r  i n t e r f a c e  f o r  
a  hypothet ical  case of a  zero-surface tension f l u i d .  A r e a l  f l u i d  with a  
f i n i t e  surface tension w i l l  cause a  pressure d i f f e r e n t i a l  across  an i n t e r -  
face  wherever t he  sur face  is curved. The pressure d i f f e r e n t i a l  Ap i s  
given by 
where YLV is  the  surface tension,  and q i s  the  e f f ec t ive  radius of 
curvature a t  t h e  lubr icant  boundary. To e s t ab l t sh  equilibrium, the  i n t e r -  
f a c e  w i l l  tend t o  approach an i n f i n i t e  radius of curvature,  and thus  form 
a f l u i d  meniscus around sur faces  of c lose  proximity (see f i g ,  l g ( b ) ) .  I n  
t h i s  way sur face  tension should a i d  t.he f i l l i n g  of an EHD i n l e t  r eg io r .  
Under dynamic conditions the  shape of the f l u i d  meniscus w i l l  be af fec ted  
by t h e  d i s t r i b u t i o n  of  lubr icant  on the bearing sur faces  and by the  pressure 
and flow f i e l d s  around the  contact  region (see f i g .  15). This includes the  
lubr icant  being discharged i n  t he  e x i t  region where cavi ta t ion  occurs a s  
shown by the  photomicrograph i n  f i gu re  20. The deple t ion  of l ub r i can t  
within a bearing t rack  due t o  cav i t a t i on  is show11 schematically i n  f i gu re  
21. The ef fec t iveness  of sur face  tension t o  recapture and maintain l u b r i -  
cant  i n  t h e  i n l e t  region w i l l ,  according t o  t he  above equation, depend on 
the  curvature of t he  lubr icant  boundsry and t h e  surface tension of the  
lubr icant .  
Tho e f f e c t  of temperature clu sur face  tension for various lub r i can t s  i n  
shown i n  f i g u r e  22. Surface tens ion  decreases s l i g h t l y  with temperature, 
but ccr vary considerably from lub r i can t  t o  lubr icant .  The low sur face  
tension of the  f luor ina ted  polyether is s i g n i f i c a n t .  It has been found 
t o  be f a r  more prone t o  s t a rva t ion  than o ther  f l u i d s  m. This may be 
t h e  r e s u l t  of i ts  low sur face  tens ion  and a l s o  i t s  high dens i ty ,  
The e f f e c t  of temperature on sur face  tencion i s  almost i n s ign i f i can t  com- 
pared t o  its e f f e c t  on v iscos i ty .  Therefore, t h e  inf luence of sur face  
tension on lub r i can t  t r anspor t  w i l l  become more s i g n i f i c a n t  a s  the  
environmental temperature increases .  
Boundary Lubrication 
The surface energy of atomically clean s o l i d s  can be very high L i q .  In  
t h i s  s t a t e  they become chemically non-selective and r eac t  v i t h  almost 
anything they comin  contact  w i t h .  It i s  wel l  documented t h a t  adhesion 
between two clean so l id3  can be very grea t ,  and t h a t  adhesion plays an 
important r o l e  i n  sur face  f a i l u r e  mechanisms. The t r a d i t i c n a l  explanation 
of t he  function of a  boundary lub r i ca t ing  f i l m  is t h a t  it provides an 
adsorbed molecular l aye r  of low sur face  energy on t h e  s o l i d  mr face .  The 
physical  proper t ies  of t h i s  adsorbed.f i lm and lub r i ca t ing  mchanisms a r e  
not  e n t i r e l y  c l ea r ,  bu t  i ts formation and performance on so l id  surfaces 
has been t h e  subjec t  of many papers. The inf luence of lubr icant  proper t ies  
on performance i n  the  boundary region is a funct ion of t h e  chemical makeup 
of t h e  lubricant .  
Const i tut ion of Boundary Environment 
A t y p i c a l  s o l i d  surface i n  contact  witb a  lubr icant  i s  shown i n  f i g u r e  23. 
Most s o l i d  surfaces i n  an a i r  atmosphere contain f i l m s  of oxides and 
adsorbed water. The physical and chemical nature of t hese  films inf luence  
t h e  in t e rac t ions  between t h e  lubr icant  and t h e  a a l i d  surface.  
Lubricating f l u i d s  such a s  mineral o i l s  contain small amounts of materials  
scch a s  f a t t y  sc ids  which have attached polar  (head) and hydrocarbon 
( t a i l )  groups. Some hydrocarbon groups may contain chemically ac t ive  
atoms l i k e  su l fur ,  olrjgen, and nitrogen. Also, miners1 o i l s  w i l l  contait? 
small amounts of dissolved a i r  and water. Additive o i l s  may contain a 
variety of other  elements which can pa r t i c ipa te  i n  chemicai reactions. 
These ac t ive   component.^ of lubricat ing f l u i d s  and t h e i r  in terac t ions  with 
^,heir environment defermine lllbrication performance. 
Lubrication with Boundary Films 
When lubricant  is in+,erposed between two surfaces a s  shown i n  f igure  23, 
the  polar components such a s  f a t t y  acids, alcohols, amines and esters 
absorb on the  s o l i d  surfaces. me associat ion of the  y ~ l a r  (head! groups with 
the  so l id  s u r f m e  may be of a piiysical o r  chemical nature. Physically 
adsorbed polar molecules a r e  weakly held by van der  Weals' molecular 
forces of a t t rac t ion .  This is an equilibrium process. That is, molecules 
continually a t tach  and detach themselves from the  suzface. The hydrocarbon 
groups ( t a i l s )  a r e  l a t e r a l l y  he;d together by cohesive forces which give 
the  adsorb&- f i lm strength and r ig id i ty .  The physical propert ies  of this 
f i lm a r e  thus markedly d i f fe ren t  than i n  the  bulk f lu id .  In  the  adsorbed 
s t a t e  they can have sol id- l ike  properties.  One of the  worst enemies of a 
physically adsorkd  f i lm is high temperature, which cag cause it t o  desorb 
e n t i  rely.  Ahsorption may frequently be physical a t  low temperature nr.3. 
chemical a t  higher temperature. A chemically adsorbed f i lm is stronger 
and u t i l i z e s  bon3s of a chemical nature. 
An idea l  mechanism f o r  the  lubr ica t ion  of adsorbed films i s  shown i n  
f igure  24 where the  in ter face  between two opwsing films provides a lcw 
f r i c t i o n  shear plane between the  s l id ing  surfaces. The ac tual  lubr ica t ing  
film, however, may not be made up e n t i r e l y  o f  t h e  surface ac t ive  material,  
but  may be a mixture of surzactant  (e.g., f a t t y  ac id)  and hydrocarbon of 
the  base f lu id .  Evieence of the  influence tke  base f l u i d  solvenCv has on 
the  performance of aGsorbed boundary films L1fl is shown i n  f igure  25. 
The lubricat ing a b i l i t y  is g rea tes t  when the  polar component and hydro- 
carbon c a r r i e r  have equal chain lengths. 
High temperatures from the  heat  generated by p l a s t i c  deformation and f l u i d  
shear cause the  boundary f i lm t o  desorb, d isor ienta te ,  o r  melt. This can 
lead t o  loca l  adhesion between so l id  surfaces a s  shorn i n  f igure  26. 
Lubricating a b i l i t y  is therefore frequently measured b j  the  temperature 
( t rans i t ion  temperature) a t  which the  coefficient; of f r i c t i o n  r i ses .  In 
gctneral, physically and chemically adsorbed boundary films a r e  ef fec t ive  
pri .mri ly a t  low and moderate temperatures. 
Effective lubricat ion a t  higher temperature can be achieved i f  various 
components of the  f l u i d  chemically r eac t  with the  s o l i d  surfaces t o  form 
react ion products with su i t ab le  lubricat ing properties.  These react ion 
products a r e  generally formed from the  components of the  f l u i d  such a s  
organics o r  organonetallics containing chlorine, su l fu r  o r  phosphorous. 
These components may occur na tura l ly  within the  f l u i d  such a s  the  sulf'ur 
ccmmonly found i n  mineral o i l s ,  c r  they may be of the  addi t ive  type such 
a s  EP (extreme pressure)  addi t ives .  These addi t ives  a r e  supplied i n  
s p e c i f i c  concentrations and compositions t o  s a t i s f y  p a r t i c u l a r  performance 
requirements. Since chemical reac t ions  a r e  involved, t h e  formation of an 
inorganic EP f i lm is s e n s i t i v e  t o  temperature, t i m e ,  r e a c t i v i t y  of the  
s o l i d  surfaces,  chemical composition and concentration of t h e  addi t ive .  
Sui tab le  environmental conditions t h a t  promote the  formatioti of an EP 
f i lm  can be c rea ted  by t h e  rubhing process i t s e l f .  That is, l o c a l  a spe r i t y  
contact  can produce the  required temperature and s o l i d  sur face  exposure 
f o r  react ion t o  take place. This is shown schsmatical ly  i n  f i g u r e  27 where 
a reac t ion  f i l m  has formed a t  a l oca t ion  where t h e  sur face  was abraded 
by a spe r i t y  contact ,  
Lubrication by an EP f i l m  is  a s a c r i f i c i a l  process; i.e., t h e  EP f i l m  
formed is cont inual ly wiped avay by the  rubbing process, The reac t ion  
must be rap id  enough t o  form a pro tec t ive  f i l m  between each successive 
removal, bu t  y e t  s l c v  enough t o  prevent excessive corrosion. 
While boundary films may be so l id - l i ke ,  what about t h e  i n t e r f a c e  between 
the  boundary f i l m  an2 t h e  bulk l i qu id?  m e r e  is evidence of a somewhat 
ordered, greasy, o r  highly viscous l a y e r  t h a t  can exist between tho  boundary 
f i l m  and the  bulk l i q u i d  17'. I n  addi t ion,  chemical reac t ions  between 
l u b r i c a ~ t g  and bare meta!. sur faces  apparently can form a viscous c o l l o i d a l  
f l u i d  ily. The e f f e c t  of pressure on these  viscous mater ia l s  is unknown, 
but  could be important, and the  p o s s i b i l i t y  of  a l o c a l  FXD co : t r i bu t ion  t o  
boundary-type lub r i ca t ion  exists. 
Mixed Lv'orication 
The thickness  of EED l ub r i ca t ing  f i lms  found i n  p rac t i ce  a r e  usua l ly  on 
t h e  order  of t he  ind iv idua l  a spe r i t y  roughnesses. Thus, t he  load i n  many 
p r a c t i c a l  appl ica t ions  may be supported p a r t i a l l y  by a f l u i d  f i l m  and 
p a r t i a l l y  by l o c a l  a r eas  of  a spe r i t y  contact .  The lub r i ca t ion  of t hese  
a r eas  oZ contact  are important s ince  they can inf luence  f r i c t i o n  and 
i n i t i a t e  f a i l u r e .  It has been found, f o r  example, t h a t  t h e  f r i c t i o n  which 
a r i s e s  from t h e  in t e rac t ions  between a s p e r i t i e s  (i.e., boundary f r i c t i o n )  
between two steel d isks  is on t h e  c~rder  of one-half t o  two-thirds t h e  
t o t a l  f r i c t i o n  when scu f f ing  is l i k e l y  t o  occur L l g .  Thus, t h e  boundary 
lub r i ca t ing  propcr t ies  of t h e  f l u i d  must be a s i g n i f i c a n t  f a c t o r  a f f e c t i n g  
performance under mixed EHD l ub r i ca t ion  conditions.  The inf luence of f l u i d  
f i l m  forminq proper t ies  of t h e  f l u i d  such a s  v i scos i ty  and pressure 
v iscos i ty ,  however, a r e  by no means in s ign i f i can t .  These proper t ies  are 
perhaps more important under con$it ions where a s p e r i t y  i n t e rac t ions  occur 
than when they do na t  occur s ince  f i l m  thickness detelmines t h e  degree of 
a spe r i t y  i n t e rac t ion  Lig. 
Surface roughness can inf luence performance by its e f f e c t  on t h e  i n l e t  
region and a l s o  the  Hertz region. I n  t h e  i n l e t  region it can-influence 
the  generation of hydrodynamic pressure.  It has been shown Llg t h a t  
surface roughness or ien ta ted  i n  t h e  longi tudina l  d i r ec t ion  only can 
i n h i b i t  pressure generat ion and therefore  f i lm  thickness.  On t h e  o the r  
hand, t ransverse  roughness can enhance pressure generat ion thus leading 
t c  s l i g h t l y  t h i cke r  f i lms  than with i d e a l l y  smooth s ~ r f a c e s .  Real surface 
roughnesses, however, a r e  genera l ly  not e n t i r e l y  one-dimensional. Thus 
the  total .  e f f e c t  of roughness on f i lm  thickness  w i l l  usua l ly  be smll. 
The influence of surface roughness i n  the  Hertz region i s  much more s ig-  
n i f icant  s ince  asper i ty  contact w i l l  occur here first. The degree of 
asper i ty  contact depends on the  magnitude of t h e  surface roughness compared 
t o  the  f i lm thickness. This is usgally expressed a s  a r a t i o  ( h d a  ) where 
ho is the  f i lm thickness and a is the  combined roughness of both surfaces. 
Since f i lm thickness is determined i n  the i n l e t  region where the  e f fec t  of 
surface roughness is  small the  MD theory assuming smooth surfaces can be 
used t o  ca lcula te  the  f i lm thickness provided the  load carr ied  by the  
asperities is not a subs tant ia l  portion of the  t o t a l  load. 
Under mixed EHD conditions the  f i l m  thickness RS w e l l  a s  the  asper i ty  
heights a r e  normally small compared t o  the  overa l l  e l a s t i c  deformation of 
the  surfaces which is s imi lar  t o  the  Hertz deformation. The t o t a l  pressure 
d is t r ibut ion  w i l l  therefore be s imi lar  t o  t h e  Hertz pressure d is t r ibut ion .  
Furthermore, under mixed EHD conditions, the  t o t a l  pressure d i s t r ibu t i cn  
is the  sum of the  f l u i d  f i l m  pressure and the  asper i ty  pressure. It has 
been shown 19 t h a t  the  asper i ty  pressure is determined d i r e c t l y  by the  
parameter h, a ). This explains why the  parameter ( h d o  ) appears t o  be 
i2C.c. 
tq
s i2n i f i can t  i n  connectim with surface a t t r i t i o n  through wear and fa t igue  
L 
Scuffing, which is a much more severe form of surface a t t r i t i o n ,  is no 
doubt a l s o  re l a t ed  t o  the  paraaeter (ho/a ). Recent work has indicated 
t h a t  the  r a t e  of production of heat by f r i c t i o n  per u n i t  Hertz area of 
contact is an important c r i t e r i o n  i n  scuffing f a i l u r e  L2l7. The r a t e  of 
heat generated is a function of the f ~ i c t i o n  due t o  the  in te rac t ion  between 
aspe r f t i e s  and a l s o  the  viscous f r i c t i o n  due t o  f l u i d  shear. Since the  
former is re la ted  t o  boundary type lubricat ion and the  l a t t e r  t o  EBD 
lubricat ion,  it is not surpr is ing  t h a t  both the  chemical a ~ d  physical 
propert ies  of f l u i d s  have important influence on performance i n  p rac t i ca l  
applicat ions.  
There a r e  a number of lubr icant  propert ies  t h a t  can influence its a b i l i t y  
t o  lubr i ca te  i n  an ind i rec t  way. Some of these propert ies  are: heat  
capacity, thermal c o n d u c t i v i t ~ ,  freezing point, vapor pressure, gas 
so lub i l i ty ,  foaming, corrosion, thermal s t a b i l i t y  and oxidation s t a b i l i t y .  
Although these b3ve not been considered above, it is important t o  note 
t h a t  i n  ce r t a in  applicat ions these ind i rec t  lubr ica t ing  propert ies  atay be 
primarily responsible f o r  the  lubr icant ' s  pe r fomnce .  An example of t h i s  
is the  high temperature applicat ion of jet engine lubricants  where the  
pa r t i cu la r  lubricant  chosen may have been primarily based on its oxidation 
and thermal s t a b i l i t y .  
Lubricant performance is int imately re la ted  t o  its chemical composition 
and molecular s t ruc ture .  For p rac t i ca l  reasons these must be expressed i n  
t e rns  of external ly  measured propert ies  l i k e  viscosi ty,  heat  capacity, 
gas so lub i l i ty ,  oxidation s t a b i l i t y ,  e t c .  The performance of  a lubr icant  
i s  complicated by the  va r i e ty  and seve r i ty  of the  environment it sees; 
thus,  t h e  measured proper t ies  a r e  only s i g n i f i c a n t  s o  long a s  they can be 
cor re la ted  with t h e  behavior i n  its l o c a l  environment. 
Since f r i c t i o n  wastes power, and wear o r  scuf f ing  reduces se rv i ce  l i f e ,  it 
is seemingly c l e a r  t h a t  t he  primary funct ion of a l ub r i can t  is  t o  reduce, 
o r  a t  l e a s t  cont ro l ,  t he  same. This is  genera l ly  achieved by t h e  formation 
of  a somewhat nebulous phase o r  f i lm  between sur faces  i n  motion. This 
f i l m ,  which c a r r i e s  the  load and bears  t h e  shear  between t h e  sur faces ,  may 
be  of  a l i q u i d  na ture  produced by t h e  generat ion of hydrodynamic pressure,  
o r  it may be c f  a s o l i d  na ture  3eveloped through adsorpt ion o r  chemical 
reac t ions  on t h ~  sur faces  (or  both).  The lub r i can t  performs its funct ions 
by way of t he  mechanisms t h a t  produce these  lub r i ca t ing  f i lms.  The 
con troll in^ mechanism, which depends on t h e  environment i n  which t h e  
lub r i can t  funct ions,  may be  c l a s s i f i e d  a s  hydrodynamic, elastohydrodynamic 
(EHD), mixed and boundary lubr ica t ion .  It is important t o  consider  t hese  
mechanisms i f  one is t o  understand t h e  inf luence of l ub r i can t  proper t ies  
on performance. 
I n  hydrodynamic lub r i ca t ion  t h e  lub r i can t  interposed between converging su r -  
faces  i n  r e l a t i v e  motion can generate  pressure capable of supporting sub- 
s t a n t i a l  loads. The hydrodynamic pressure generated is  a d i r e c t  funct ion 
of  l ub r i can t  v i scos i ty .  Since v i scos i ty  is very s e n s i t i v e  t o  temperature, 
a means of co r r e l a t ing  viscosity-temperature c h a r a c t e r i s t i c s  of l ub r i can t s  
is  important. The usual  method is  t h e  Walther equation which forms t h e  
b a s i s  of  t h e  ASTM v i scos i ty  char t s .  Perhaps a b e t t e r  co r r e l a t ion  is t h a t  
of Roelands which behaves cons i s t en t ly  fcr a wide range of f l u i d  s t ruc tu re s .  
Improvement of viscosity-temperature c h a r a c t e r i s t i c s  can be achieved by 
addine: long chain polymers. The v i scos i ty  of t hese  lubr icants ,  however, 
can be q u i t e  s e n s i t i v e  t o  shear  r a t e s .  
Elastohydrodynamic lub r i ca t ion  is character ized by high l o c a l  pressures  
and e l a s t i c  deformations which a r e  d i s t i n c t l y  similar t o  t h e  Hertzian 
condit ion f o r  dry  contact.  These r e s u l t s  i n  t h r e e  major regions which 
perform d i f f e r e n t  funct ions with t h e  lubr icant .  The " i n l e t  region" pumps 
t h e  f i lm  u?; t h e  "Hertz region" r i d e s  it; and t h e  "exit region" discharges 
it. I n  addi t ion  t o  temperature, pressure has an important in f luence  on 
v i scos i ty  i n  t h e  elastohydrodynamic environment. The l e v e l  of v i scos i ty  i n  
t h e  inJ.et  region inf luences f i lm  thickness ,  and i n  t h e  Hertz region it 
influences t r ac t ion .  Pressure-viscosi ty  co r r e l a t ion  using an exponential  
r e l a t i o n  is frequent ly use2 s ince  it i s  convenient f o r  t h e o r e t i c a l  calcu- 
l a t i o n s .  Its accuracy wi:h pzessure-viscosi ty  da t a  va r i e s  with pressure 
and temperature; and, from lub r i can t  t o  lubricbnt .  A Roelands co r r e l a t ion  
has b e t t e r  accuracy but  is l e s s  convenient i n  t h e o r e t i c a l  ca lcu la t ions .  
I f  t h e  i n l e t  region is  not  properly flooded with lub r i can t ,  t h e  l ub r i ca t ing  
f i l m  w i l l  become starved,  i .e . ,  t h e  f i l m  becomes th inner .  Bearing design 
and lub r i can t  supply systems a r e  important considerat ions i n  connection 
with t h e  s t a rva t ion  problem; but  l ub r i can t  t r anspor t  p roper t ies  such a s  
sur face  tension,  dens i ty ,  and v i scos i ty  can a l s o  be very influential. 
Surface tension can vary appreciably among syn the t i c  f l u i d s  and it has been 
observed t h a t  a f l uo r ina t ed  polyether  which has low sur face  tens ion  and 
high dens i ty  is somewhat prone t o  s t a rva t ion .  
In boundary lubricat ion the chemical composition of lubr icants  i s  a s  
important t o  the formation of so l id- l ike  boundary films a s  v iscos i ty  is  t o  
the  formation of thicker l iqu id  films. Surface ac t ive  materials  such as  
f a t t y  acids can form physically and chemically adsorbed f i l m s  of molecular 
dimensions on so l id  surfaces. In addition, chemical react ions between 
lubr icant  components and the  surrounding materials  can form a mixture of 
inorganic and organic f i l m s  of considerable thic!cness compared t o  an 
adsorbed film. 'Ihe formation and composition of boundary f i lms a r e  not 
c lear ly  understood, and even l e s s  is known about t h e i r  mechanical propert ies  
and the  mechanisms by which they lubricate.  But, t h e i r  a b i l i t y  t o  separate 
opposing high surface energy so l ids  and thus prevent adhesion o r  welding is 
probably the  g rea tes t  supporting r o l e  a lubr icant  can o f fe r  t o  lubricat ion.  
Mixed l u b r ~  cat ion involves both the  mechanisms of e l a s  tohydrodynamic (and/or 
hydrodynamic) and boundary lubricat ion.  It is an important a rea  of lubrica-  
t ion  since the  thicknesses of f l u i d  f i l m s  frequently found i n  prac t ice  a r e  
on the  order of the  individual  asper i ty  roughnesses. Thus, the  load may 
be supported p a r t i a l l y  by an elastohydrodynamic f i l m  and p a r t i a l l y  by a 
baundary film. The thickness of the  elastohydrodynamic f i lm r e l a t i v e  t o  
the  surface roughness d i r e c t l y  influences the  asper i ty  pressure. Since 
surface a t t r i t i o n  i n  the  form OI? wear, fa t igue  and scuffing is intimately 
associated with l o c a l  asper i ty  contact both the  physical and chemical 
propert ies  of the  f l u i d  have s igni f icant  influence on performance. 
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CHEMICAL REACi YITY 
LUBRICANT STABILITY INTERACTION I ~ ~ ~ ~ ~ R F A C T S  1 
PERFORMANCE A FUNCTION Of: 
1. Degree of interaction behveen the lubricant and the environment 
2. Stability of the interaction. 
Figure L - Interaction between lubricant and environment. 
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Figure 2. -Types of surface attrition or 
failure. 
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Figure 3. - Formation of hydrodynamic pressure, a function of v i w s i t y  
(b) as well as velocity (u) and geometry ( h  - hdlh3. CS-64834 
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Figure 14 - Roelands' pressure-viscosity charxterhtic as a func- 
tion of temperature. CS-64001 
Figure 13. - Schem&tlc representrlions of 
pressure-vlscoslty charocterldics (at. 
cs-uez.2 
(b) 
Figure 15. - Contact geometry showing required meas- 
urements for starvdion; (a) plan view, (b) cross- 
sectional view along centerline. 
Figure 16. -Effect of degree cf inlet llooding on firm thickness for line and 
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